Introduction
Classically, eukaryotic cells release material into the extracellular environment via the exocytic pathway in which the membranes of Golgi derived vesicles, tubules and granules fuse with the plasma membrane. Cargoes include extracellular matrix (ECM) components, neurotransmitters and peptide growth factors that may be released either constitutively or in response to specific stimuli. Exocytosis is essential for many functions including intercellular signaling and plasma membrane growth. In addition endosomes and lysosomes may undergo processes equivalent to exocytosis and fuse their membranes with the plasma membrane, thereby allowing receptor recycling and plasma membrane repair (Andrews, 2000) . While the above pathways allow release of endo-membrane lumen contents and supply components to the plasma membrane, studies of the endocytic trafficking of transferrin receptor in reticulocytes revealed the existence of a distinct exocytic route that releases vesicular carriers of membrane and cytosolic components, known as exosomes, into the extracellular milieu (Pan and Johnstone, 1983) . While the role of exosomes in vivo is not well established, they have been the focus of much recent research as in vitro studies suggest that they contribute to physiological and patho-physiological processes including modulation of the immune response, dissemination of viral particles and prions, pathogenesis of neurodegenerative diseases, mediating communication between cancer cells and the environment and transfer of oncogenic signaling receptors to adjacent cells Raposo, 2009, Stoorvogel et al., 2002) . In this review, we discuss the origin and function of exosomes with particular attention to recent studies of their role in mammary gland development and the pathogenesis of cancer.
Exosomes: definition, origin, composition and destination
Exosomes are 40-100 nm diameter extracellular vesicles that have characteristic cup shaped morphology when negatively stained and observed using an electron microscope Raposo, 2009, Stoorvogel et al., 2002) . They are released by a variety of cells including reticulocytes, cytotoxic T lymphocytes, B lymphocytes, dendritic cells, mast cells, platelets and epithelial cells. Upon release, exosomes circulate in the extracellular space adjacent to the site of discharge where they can be broken down, often within a few minutes. Some of the exosomes, however, can move a distance by diffusion and can appear in biological fluids including blood, urine, amniotic fluid, saliva, lung surfactant, malignant effusions, breast milk and semen. The double-layer mem-
The double-layer memdouble-layer mem- brane, being characterized by a peculiar lipid composition along with protective proteins against complement, makes exosomes more stable than soluble proteins in the extracellular environment (Thery et al., 2002) .
Exosomes are thought to originate from the fusion of the membrane of multivesicular endosomes (MVEs, also known as multivesicular bodies (MVBs)) with the plasma membrane. This releases their content of intra-lumenal vesicles (ILVs) into the extracellular space as exosomes Raposo, 2009, Stoorvogel et al., 2002) . Several pieces of evidence support this idea. Firstly, electron microscopy of B-type Epstein Barr virus infected B-lymphocytes revealed that exosome-like vesicles are released together with endocytosed BSA-gold particles after pulse labeling of MVE (Raposo et al., 1996) . Secondly, purified exosomes are enriched in a core set of proteins (e.g. annexins, tetraspanins, flotillins, Rabs, Alix and Tsg101) and lipids (cholesterol, lysobisphosphatidic acid (LBPA) and sphingomyelin) that are abundant in MVEs and are involved in the formation of the ILVs (Simpson et al., 2008 , Trajkovic et al., 2008 . Interestingly the composition of exosomes appears to differ somewhat depending on their source tissue or cell type. For instance MHC class II is enriched in exosomes from B-lymphocytes, dendritic cells, mast cells, and intestinal epithelial cells while growth factors and their receptors are enriched in exosomes released from cancer cells (Simpson et al., 2008) . Thirdly, exosomes contain a variety of highly abundant cytosolic proteins including those involved in structure and motility (tubulin, actin), energy metabolism (e.g. enolase, fatty acid synthase), heat shock response (e.g. hsc70 and hsp90), signal transduction (e.g. 14-3-3 proteins, Ha-Ras) and transcription and protein synthesis (e.g. histones, ribosomal proteins) (Mathivanan et al., 2010 , Simpson et al., 2008 . In addition to proteins the lumen of exosomes also contain cytosolic RNA. Exosomal messenger (m)RNA and micro (mi)RNA, so called shuttle RNA, can be translated in the exosome's target cell (Valadi et al., 2007) . These observations are consistent with the possibility that the process of budding of membrane into the lumen of the endosome, that occurs during the formation of ILVs (see below), results in the capture of abundant cytosolic proteins and RNA within the ILV lumen.
Exosomes have the potential to transfer specific information to both homologous and heterologous target cells. The interaction of exosomes is restricted to defined cells and is determined by exosome composition and the presence of an appropriate ligand on the targeted cell. Several mechanisms of interaction of exosomes with recipient cells have been proposed: cellular binding via receptorligand interaction, attachment or fusion with the target cell membrane, or internalization. These different modes of interaction are not mutually exclusive (Chaput and Thery, 2010, Skog et al., 2008) .
Biogenesis of the intra-lumenal vesicles (ILVs) of multivesicular endosomes (MVEs)
MVEs themselves originate from endosomes that mature and accumulate hundreds of ILVs within their lumen. These vesicles contain endocytosed membrane proteins and lipids e.g. growth factor receptors, and cytosolic proteins destined for degradation following lysosome-MVE fusion (reviewed in Gruenberg and Stenmark, 2004) . Indeed most MVEs fuse with lysosome and only a minority are thought to fuse with the plasma membrane to release exosomes. Currently it is unclear what determines which of these fates is met by individual MVEs. In mammalian cells formation of lumenal vesicles occurs via several different pathways meaning that cells may release a range of different exosome types (reviewed in (Hurley et al., 2010) (Fig. 1) .
Endosomal sorting complex required for transport (ESCRT)-dependent pathway
This process is initiated by the presence of membrane tethered ubiquitin, attached to the cytoplasmic tails of endocytosed cell surface receptors destined for degradation, and the lipid phosphatidylinositol 3-phosphate (PI(3)P) on the endosome surface. PI(3) P is recognized by a FYVE domain containing ESCRT-0 complex sub-unit and recruitment of the other ESCRT-0 sub-units clusters ubiquitinated proteins due to the presence of five ubiquitin binding sites within the complex. Based on the results of in vitro reconstitu- tion experiments, recruitment of ESCRT-0 then initiates recruitment of ESCRT-I and -II complexes, that drives membrane budding, and subsequent ESCRT-III complex recruitment, that cleaves the bud neck to release the vesicle into the lumen (Hurley et al., 2010) .
Lysobisphosphatidic acid (LBPA) pathway
Late endosomes and lysosomes in mammalian cells are enriched (20%) in the unusual lipid LBPA that may accumulate and form microdomains on the inner/luminal leaflet of the late endosome membrane due to the acidic luminal pH. This pathway also depends on the activity of the ESCRT proteins (Matsuo et al., 2004) .
ESCRT-independent pathways
Analysis of exosome release by oligodendrocytes in which the ESCRT complex was disabled, by knockdown of its accessory proteins, indicates that proteolipoprotein is sorted into exosomes via a ESCRT-independent pathway. Further analysis of these cells indicated that sphingolipids are enriched in exosomes and that inhibition of sphingomyelinase, that cleaves the phosphodiester bond between ceramide and the sphingomyelin (SM) headgroup, reduces the formation of ILVs in vitro and in cells (Trajkovic et al., 2008) . Finally analysis of the melanosomal protein Pmel17 revealed that its trafficking to the ILVs of MVEs was dependent upon the integrity of its lumenal domain and not the ESCRT pathway (Theos et al., 2006) .
Rab proteins, and exosome biogenesis and secretion
Small GTPases of the Rab family regulate cargo and membrane transport through microtubular-and actin-dependent endocytic and secretory pathways (Hutagalung and Novick, 2011, Stenmark, 2009) . Specifically Rab5 regulates fusion of endocytic vesicles with early endosomes and homotypic fusion of early endosomes (Spang, 2009) . It does this by acting as a compartment specific molecular switch that in the GTP-bound active form recruits cytosolic 'effector' proteins to the early endosome membrane. At the membrane effectors including Vps34-type PI(3) kinase, early endosome antigen 1 (EEA1) and rabenosyn-5 form a complex with Rab5 together with its GDP/GTP exchange factor Rabex-5. This complex stabilises active Rab5 and promotes further effector recruitment and fusion of endosomes and endocytic vesicles. Briefly, EEA1 dimers are thought to bridge endosomes through PI(3)-P binding FYVE domains located at either end of the molecule and, together with rabenosyn-5 promote homotypic fusion through interaction with SNARE protein syntaxin 6 and SNARE regulator Vps45 (Hutagalung and Novick, 2011, Spang, 2009 ). The homotypic fusion of early endosomes is interrupted by the recruitment of other Rab proteins involved in the transport of endocytic cargo for recycling (Rab4 and Rab11), degradation (Rab7) or transport to the trans-Golgi network (TGN) (Rab6 and retromer) to other sub-domains of the early endosome network.
Through progressive recycling of endocytosed material to the plasma membrane accompanied by conversion from Rab5-to Rab7-positive status early endosomes mature into late endosomes (Spang, 2009) . Indeed sequential recruitment of Rab5 and Rab7 to newly formed endosomes has been observed using live cell imaging (Rink et al., 2005) . Recent studies uncovered the ability of active Rab5:GTP to recruit the homotypic fusion and protein sorting (HOPS) complex to early endosomes. HOPS component, Vps39, has Rab7-specific GEF activity and together with other HOPS sub-units stabilises active Rab7:GTP at the membrane resulting in maturation of the compartment to a late endosome (Poteryaev et al., 2010) . In spite of this it remains unclearly precisely what factors regulate the timing of effectors recruitment that promote endosome fusion versus those that allow endosome maturation and Rab conversion.
As indicated above little is known about the mechanisms that determine whether MVEs fuse with lysosomes or the plasma membrane. However one recent study identified Rab27 proteins as vital regulators of exosome release (Ostrowski et al., 2010) . The Rab27 subfamily comprises two isoforms, Rab27A and Rab27B (71% amino acid identical) that have been implicated in regulating the exocytosis and transport of a variety of Golgi-derived secretory granules e.g. dense cored secretory granules in PC12 cells, and late endosome/lysosome related secretory granules e.g. melanosomes in melanocytes, lytic granules in T lymphocytes, MIIC in dendritic cells (Izumi, 2007) . Using a semi-quantitative FACS-based assay of exosome secretion from HeLa cells stably expressing transactivator CIITA (an activator of the MHC class II family genes, including HLA-DR-marker of exosomes) and a secreted form of chicken ovalbumin (marker of the constitutive secretory pathway), they found that RNAi knockdown of several Rabs, including Rab27A and Rab27B, resulted in a specific reduction in exosome secretion. Further analysis showed that knockdown of Rab27B or effector Slac2-b (also known as exophilin 8) resulted in perinuclear clustering of MVEs, marked by ILV associated protein CD63, while knockdown of Rab27A or effector Slp4 (also known as granuphilin) resulted in accumulation of enlarged MVEs. These data suggest that Rab27A and Rab27B play non-redundant roles in the exosomal/MVE secretion pathway via engagement of different effectors. In particular Rab27B and Slac2-b may regulate the transfer of MVEs from microtubule-based transport to actin-based docking at the plasma membrane that is a prelude to exocytosis. Meanwhile Rab27A and Slp4 are suggested to regulate MVE docking and membrane fusion (Ostrowski et al., 2010) .
Nevertheless the precise function of these GTPases in MVE transport and exosome secretion together with the mechanism regulating their differential engagement of effectors remains unclear. Moreover, while knockdown of Rab27 proteins (as well as genetic loss of both proteins in mouse) reduced exosome secretion (to 50% of normal levels) it did not completely block this process, suggesting that other pathways and other Rabs are involved (Ostrowski et al., 2010) . Consistent with this Ostrowski and colleagues report that individual knockdown of Rab5A, Rab9A and Rab2 reduced exosome secretion with similar efficiency (Ostrowski et al., 2010) . Future studies of these proteins will no doubt provide valuable information on the mechanisms of exosome secretion.
Secretory Rabs not only regulate exocytosis but also exosome release. The role of exosomes in mammary gland development and cancer progression will be discussed in relation to the secretory Rab families Rab3 and Rab27. Our research group recently demrecently demonstrated that Rab27B regulates invasive growth and metastasis in ER-positive breast cancer lines. Increased expression of Rab27B, but not Rab3D and Rab27A, is associated with poor prognosis in breast tumors (Hendrix et al., 2010) .
Exosomes in mammary gland development
The mammary gland is one of very few organs in which substantial development occurs only after birth. It undergoes cycles of growth, differentiation, milk secretion, apoptosis, regression and remodeling during the lifetime of the organism (Bissell et al., 2003) . Mammary gland development involves bidirectional interactions between the epithelial population and its surrounding stroma. The stromal environment contributes a depot of adipose tissue, a vasculature that supplies nutrients and endocrine cues, a lymphatic system that not only removes metabolites but also provides an intimate interface with the immune system, and an ECM scaffold, all acting in concert. The epithelium includes a subset of stem cells that closely interact with the environment to alter their fate and the ultimate mammary gland phenotype (Schedin and Hovey, 2010) . These key mechanisms involved in normal mammary gland development are hijacked, bypassed or corrupted during the development and progression of cancer.
In the non-pregnant, non-lactating state, the mammary gland consists of networks of epithelial ducts that empty into the main lactiferous ducts. The milk-producing lobular component of the gland is rudimentary, but poised to respond to gestational hormones that elicit local paracrine interactions between the developing epithelial ducts and adjacent stroma. The non-lactating human mammary gland is an actively secreting organ releasing a number of antimicrobial peptides such as b-defensins, the cathelicidin LL37, lactoferrin and adrenomedullin. These products inhibit bacterial growth in the well-developed duct system. Electron microscopic observations indicate that these peptides are extruded from the glandular cells by secretory granule exocytosis (Welsch et al., 2007) . The secretory small GTPase Rab27B, an important regulator of invasive growth in estrogen receptor (ER)-positive breast cancer cells, localizes to the apex of the glandular cells which suggests involvement of this protein in anti-microbial peptide release (Fig.  2) (Hendrix et al., 2010) . Furthermore, the non-lactating mammary gland elaborates a prominent glycocalyx at the apical membrane of the glandular epithelial cells. This glycocalyx includes the mucins MUC1 and MUC4, playing an anti-microbial role as well. MUC1 is also released into the lumen and is known to be a constituent of milk in which it protects infants from infections and is highly expressed and aberrantly glycosylated in breast cancer (Patton et al., 1995 . Mucins can be shed from the plasma membrane by sheddases. An alternative export route using exosome formation and release has been demonstrated for MUC1 in ER-positive MCF-7 breast cancer cells (Staubach et al., 2009) . The identification of Rab27B on MVEs and its function in exosome release further suggest a role for the small GTPase in the mammary gland defense mechanism. Lactalbumin and lipid droplets occur also in the non-lactating gland (Welsch et al., 2007) .
With pregnancy, and in preparation for lactation, the epithelium undergoes remarkable proliferation and differentiation. The epithelium expands to fill the gland, replacing the fat pad with milkproducing lobuloalveoli. Heregulin beta 1 (HRG), a combinatorial ligand for human epidermal growth factor receptors (HER) 3 and 4, is expressed in the mammary mesenchyme adjacent to lobuloalveolar structures and is maximally expressed during pregnancy. It plays a role in the morphogenesis and ductal migration of mammary epithelial cells, and promotes the in vitro responsiveness of mammary epithelial cells to lactogenic hormones. HRG stimulation induces the expression of the secretory small GTPase Rab3A, promoting the secretion of cellular proteins from the mammary epithelial cells (Vadlamudi et al., 2000) . This nicely illustrates that mammary gland development occurs in an ecosystem where soluble molecules released by the mammary mesenchyme regulate the secretory tracts in mammary epithelial cells. The effect of HRG on the expression of Rab GTPases involved in exosome release, such as Rab27B, was not investigated.
Breast milk is the optimal nutrition for the newborn infant, containing all the proteins, lipids, carbohydrates, micronutrients and trace elements required for growth, development and immune protection (Jenness, 1979) . Furthermore breast milk contains exosomes with the capacity to influence immune responses in the infant. Exosome preparations from colostrums and mature breast milk inhibit CD3-induced interleukin (IL)-2 and interferon (IFN)-g, and tumor necrosis factor (TNF)-a production from peripheral blood mononuclear cells (PBMC). An increased number of T-regulatory cells is observed in PBMC incubated with milk vesicle preparations (Admyre et al., 2007) .
Lysinuric protein intolerance (LPI) is an autosomal recessive disorder characterized by a marked reduction in the absorption of cationic amino acids leading to low plasma concentrations of lysine, arginine, and ornithine. The impaired transport of cationic amino acids results from mutations in Y+L amino acid transporter 1 (Y+LAT1) protein found in the basolateral membrane of epithelial cells. Infants with LPI are symptom-free when breastfeed. The induction of other food's leads to a rapid onset of the symptoms associated with the disorder. One possibility is that breast milk offers protection against the primary defect in LPI by the transfer of exosomes containing wild type (maternal) y+LAT1 mRNA to the suckling neonate (Boyd and Shennan, 2010) .
With cessation of milk secretion, the mammary gland resorbs the elaborate milk-producing lobuloalveoli generated during pregnancy and returns to its rudimentary, ductal state. As the epithelial cells are lost, the gland is repopulated with adipocytes. Apoptotic mammary epithelial cells must be cleared immediately by phagocytes in involuting mammary glands to prevent inflammation and autoimmune response against intracellular antigens released by dying cells. Apoptotic mammary epithelial cells are phagocytosed by both macrophages and residual living epithelial cells. Exosome-secreted milk fat globule EGF factor 8 (MFG-E8) or lactadherin fulfills a tethering function between apoptotic cells and activated macrophages. MFG-E8 is involved in the recognition and clearance of apoptotic mammary epithelial cells during mammary involution (Nakatani et al., 2006) . In the mammary glands of MFG-E8 deficient mice impaired involution occurs resulting in periductal mastitis (Hanayama and Nagata, 2005) . This severe inflammation probably results from a prolonged involution process in MFG-E8-/-mice with extended activation of inflammatory genes or necrotic cell death. However, mastitis is often caused by bacterial infection and occurs most frequently during early involution. This may be due to a drop in the release of anti-microbial peptidereleasing exosomes that protect the mammary gland from bacterial infiltration. Pregnancy-associated breast cancer, i.e. breast cancer diagnosed within 10 years following parturition, has a higher mortality rate because metastasis is common. A completed pregnancy five-years or less before diagnosis has been demonstrated to be an independent, negative prognostic marker. Since remodeling of the mammary gland to its pre-pregnant state is associated with an influx of immune cells, MMP-dependent ECM reorganization and loss of basement membrane functions with subsequent release of growth factors and bioactive fibronectin fragments, involution is proposed to support metastasis (Schedin, 2006 ). An important question is whether these local changes form an all-encompassing explanation for an increase in the number of women diagnosed with metastatic disease. Furthermore this hypothesis is built on the assumption of the presence of an invasive microlesion at the time of involution. An alternative hypothesis would be that exosomes released during involution communicate to regional lymph nodes or distant organs, inducing a favorable niche for cancer cells. At the time an occult lesion occurs, transformed epithelial cells home more efficiently and more rapidly to these prepared niches.
Exosomes in cancer
Cancer is not only a disease of the transformed epithelium but is also influenced and dependent on its stromal environment. Exosomes from both the cancer cells and the stroma determine invasive growth in the primary tumor by local discharge. Some of the exosomes move by diffusion to distant organs to prepare a niche for the settlement and growth of cancer cells.
Cancer cell-derived exosomes modulate invasive growth, adhesion, angiogenesis, immune suppression and chemoresistance
Cancer cells dictate the stromal cell compartment of the primary tumor and mould the ECM to permit invasive growth. Cancer cells deliver transforming growth factor (TGF)-b containing exosomes, driving cellular differentiation of fibroblasts, resulting in a myofibroblast phenotype (Webber et al., 2010) . Functionally active membrane type (MT)1-matrix metalloprotease (MMP) is secreted in exosomes to degrade type 1 collagen fibers. Invasive breast cancer cells release exosomes containing HSP90a, a chaperone required for the activation of extracellular proteases, such as MMP-2 and plasmin (McCready et al., 2010) . HER ligands, such as amphiregulin, heparin-binding epidermal growth factor (EGF) and TGF-a, are released by cancer exosomes. These ligands are oriented in a signaling-competent manner to engage recipient cell EGF receptor (EGFR) (Higginbotham et al., 2011) .
Cancer cells continuously alter their cell surface adhesion molecules allowing to detach from or attach to specific cells, basement laminas and other ECM components, adapting to the dynamic tumor environment encountered during invasion and metastasis. Adhesion molecules are regulated at various levels, including transcription and translation, spatial distribution along the plasma membrane, and endocytosis and degradation. Full-length adhesion molecules are also present in soluble forms outside the cell by exosome secretion and potentially modulate cell adhesion, cell signaling and vesicle-target interaction (van Kilsdonk et al., 2010) .
Several studies demonstrated exosome function in angiogenesis, suggesting a role in cancer cell dissemination. Intercellular transfer of a truncated form of EGFR (EGFRvIII) from an EGFRvIIIexpressing cell line to a non-EGFRvIII-expressing cell line regulates VEGF gene expression resulting in angiogenic signaling (Al-Nedawi et al., 2008 , Skog et al., 2008 . Exosomes dose-dependently stimulate endothelial sprouting and influence endothelial tubule morphology (Hood et al., 2009) . Proteomic analysis of secreted exosomes identified potent angiogenic factors such as developmental endothelial locus-1 (DEL-1) and the Notch receptor ligand DII4 (Delta-like 4) (Hegmans et al., 2004 , Sheldon et al., 2010 . Exosome-induced angiogenesis depends on the tetraspanin D6.1A (Gesierich et al., 2006) .
Exosomes create an immuno-privileged environment within the tumors. Cancer cells produce large amounts of exosomes bearing pro-apoptotic molecules such as Fas ligand and tumor necrosis factor-related apoptosis-inducing (TRAIL) ligand (Huber et al., 2005) . These induce apoptosis of activated tumor-specific T cells, impairing the ability of effector lymphocytes to exert their cytolytic activity against tumor targets. Natural killer cells lose their cytolytic potential, through the down-modulation of perforin expression, upon encounter with cancer cell-derived exosomes. Exosomes produced by breast cancer cells block dendritic cell differentiation by increasing IL-6 expression in myeloid precursor cells (Yu et al., 2007) . These observations suggest that interfering with exosome release by cancer cells is a novel strategy for recovering multiple immune functions in cancer patients.
Exosomes are important players in chemoresistance. Exosomes released by HER-2 overexpressing breast cancer cell lines SKBR3 and BT474 express activated HER-2. Release of these exosomes is regulated by the growth factors EGF and HRG, two of the known HER-2 receptor cross-activating ligands and naturally present in the surrounding tumor environment. HER-2 positive exosomes act as decoys to inhibit Trastuzumab activity (a humanized monoclonal antibody widely used for the treatment of HER2-overexpressing breast cancer) (Ciravolo et al., 2011) . Acquired resistance to cisplatin is associated with abnormalities of protein trafficking and secretion. The lysosomal compartment of human ovarium carcinoma cells selected for stable resistance to cisplatin is markedly reduced in size, and these cells abnormally sort some lysosomal proteins and the putative cisplatin transporters into an exosomal pathway that also exports cisplatin. Enhanced exosomal export was accompanied by higher exosomal levels of the putative cisplatin export transporters MRP2, ATP7A, and ATP7B. This altered distribution of the types of proteins found in exosomes may mark the cisplatin resistant phenotype (Safaei et al., 2005) . Because exosomes are found in the systemic circulation, this offers a potential route to early detection of the emergence of chemoresistance during treatment.
Positive feedback mechanisms leading to increased exosome production could be triggered during tumorigenesis. Studies from our group support this idea. The secretory small GTPase Rab27B has been described as a key regulator in the transport of multivesicular endosomes and as a consequence exosome release (Ostrowski et al., 2010) . Rab27B protein and mRNA are upregulated in poor prognosis ER-positive breast cancer and releases pro-invasive growth regulators in the tumor environment (Hendrix et al., 2010) . Wright et al., demonstrated that Rab27B gene expression is estrogen dependent (Wright et al., 2009) . Further studies should reveal if Rab27B expression is regulated by additional tumor environment components.
Stromal cell-derived exosomes (in)directly contribute to cancer progression
Exosomes are not exclusively released by cancer cells. Also the surrounding stromal cells release cell-type specific exosomes contributing to cancer progression.
Pioneering studies by Ratajczak and colleagues demonstrated that exosomes secreted by platelets induce angiogenesis and metastasis in lung and breast cancers (Janowska-Wieczorek et al., 2005) . Platelet-derived exosomes increase adhesion of cancer cells to endothelial cells and fibrinogen by transfer to their surface of various platelet-derived integrins such as CD41. Furthermore these exosomes are demonstrated to stimulate the expression of several genes involved in angiogenesis (VEGF, IL-8, HGF) and invasion (MT1-MMP).
Breast cancer cells express antigens confined to the monocyte/ macrophage lineage like CD163, a scavenger receptor. CD163 expression in breast cancer correlates to early distant recurrence. Also, expression of DAP12, a macrophage fusion receptor, in breast cancer is associated with an advanced tumor grade and higher rates of skeletal and liver metastases and a shorter overall disease free survival (Shabo and Svanvik, 2011) . These observations suggest a genetic exchange between both cell types by exosome-mediated transfer providing phenotypic characteristics of macrophages such as cell spreading, migration and matrix invasion.
Mast cells are commonly observed in various tumors at the invasive borders, including in breast cancer. Tumor-infiltrating mast cells can directly influence cancer cell proliferation and invasion but also help tumors indirectly by organizing its environment and modulating immune responses to cancer cells (Khazaie et al., 2011) . Mast cell-derived exosomes induce plasminogen activator inhibitor type I (PAI-1) expression in endothelial cells (Al-Nedawi et al., 2005) . The urokinase-type plasminogen activator (uPA) and the main uPA inhibitor PAI-1 play important roles in cell migration and invasion in both physiological and pathological contexts. Both factors are recommended by the American Society of Clinical Oncology as predictive markers in node-negative breast cancer patients that are used to stratify patients for adjuvant chemotherapy. In addition to their classical functions in plasmin regulation, both factors are key components in cancer-related cell signaling (Harris et al., 2007) . Early local tumor invasion results in immediate proximity of cancer cells to adipocytes. Adipocytes secrete MFG-E8-associated exosomes (Aoki et al., 2007) and adipocyte-derived exosomes have been shown to transfer RNA for lipid synthesis (Muller et al., 2011) . Since adipocytes are endocrine cells releasing modulators of multiple metabolic pathways, one hypothesis is that these cells deliver energy to cancer cells for the establishment of invasive growth.
Tumor pH and hypoxia regulate exosome release
Some features of the tumor environment may represent key factors in the regulation of exosome traffic within the tumor mass. Tumor acidification, a hallmark of malignancy, is involved in the regulation of some vesicle-mediated malignant cancer cell functions, such as cannibalism and drug resistance (Luciani et al., 2004 , Lugini et al., 2006 . Acidic pH results in an increased exosome release and uptake. The increased fusion capacity of exosomes released in an acidic environment is associated to a change in membrane rigidity due to an increased amount of sphingomyelin and ganglioside GM3 lipids. The physiological role of acidity in exosome uptake has been demonstrated for melanoma cells; caveolin-1, a protein involved in melanoma progression, is delivered more efficiently to less aggressive cells in an acidic condition (Parolini et al., 2009) . Exosomal shuttle RNA influences the response of recipient cells to an external stress stimulus such as oxidative stress. The mRNA content of exosomes produced under oxidative stress differs extensively from the mRNA in exosomes produced by cells cultured under normal conditions. Exosomes released from mast cells exposed to oxidative stress are shown to have the capacity to communicate a protective signal to recipient cells exposed to oxidative stress, resulting in reduced cell death (Eldh et al., 2010) . To sustain growth and survival in their hostile environment, rapidly growing tumors have to overcome hypoxia and a lack of nutrients through either angiogenesis to ensure an adequate supply of oxygen and nutrients or metastasis to a more conductive environment. Under hypoxia, cancer cells secrete exosomes that modulate their local and distant environment to facilitate tumor angiogenesis and metastasis (Park et al., 2010) .
Exosomes in the metastatic niche
Exosomes control metastatic spread whereby routes of communication between the primary tumor and metastatic sites are efficiently maintained. Breast cancer spreads primarily via the lymphatic system. Regional lymph nodes are usually the first metastatic sites to be involved, often followed by distant metastasis to the lungs, liver and bones. Although various prognostic markers are known, regional lymph node status is the single most important prognostic factor in breast cancer. Patients with axillary metastasis at the time of diagnosis have a much worse prognosis. In order to metastasize, cancer cells must manipulate their environment to optimize conditions for deposition and growth both locally and at a distance. Potential sites for remote tumor implantation might thus be prepared well ahead of actual metastasis. Recently an elegant mouse model demonstrated pre-metastatic niche formation in regional lymph nodes through melanoma exosomes. Increased expression of cell recruitment, ECM and endothelial proliferation factors by melanoma exosomes produces a niche within sentinel nodes conductive to melanoma cell recruitment, trapping and growth (Hood et al., 2011) .
Bone marrow metastasis of breast cancer can recur even decades after initial diagnosis and treatment, implying the longterm survival of disseminated cancer cells in a dormant state. MDA-MB-231 and T47D breast cancer cells arrest in G(0) phase of the cell cycle when co-cultured with bone marrow stroma. Breast cancer cell quiescence was induced by stroma-derived exosomes containing miRNAs and specific miRNAs transported from bone marrow stroma to breast cancer cells via gap junctions. This study indicates that exosomes can play a role in the dormancy of bone marrow metastasis (Lim et al., 2011) .
Exosomes: targets, biomarkers or therapeutic agents in the clinic
Tumor exosomes manipulate the metastatic cascade through angiogenesis, stromal remodeling, signal transduction interference by growth factor/receptor transfer, chemoresistance and genetic intercellular exchange. Hence, exosomes offer new opportunities for biomarker analysis and may provide novel specific tools or targets for therapeutic intervention.
Anti-cancer drug resistance results from selective pressure of chemotherapy, together with mutations or epigenetic changes that make cells refractory to treatment. Gene expression associated with vesicle transport correlates with chemosensitivity profiles. Cancer cells implement exosomes as a drug efflux mechanism potentially involved in drug resistance. For example, the cytotoxic drugs doxorubicin and cisplatin are eliminated by exosome-secretion (Shedden et al., 2003) . Opposite effects could be expected with drugs interfering with microtubule stability, such as taxanes and vinca alkaloids. In breast cancer cells treated with the microtubule disturbing drug vincistrine, exosome release is reduced (Iero et al., 2008) . Another promising tool may be represented by drugs interfering with the activity of vacuolar ATPases. Inhibition of this pathway through proton pump inhibitors interferes with the traffic of acidic vesicles, resulting in their sequestration within the cytoplasm, and improving chemosensitivity in cancer cells (Luciani et al., 2004) . Alternatively exosome release could be blocked by interfering with the major regulators of multivesicular endosome transport, Rab27A and Rab27B (Ostrowski et al., 2010) . Drugs targeting at Rho-associated coiled-coil containing protein kinases (ROCK) affect not only cell morphology, migration and adherence, but also exosome release. Rattan and colleagues showed that inhibition of the Rho/Rock pathway resulted in smaller tumor mass in patients with glioblastoma (Rattan et al., 2006) .
Early detection of cancer is vital to improved overall survival rates. As the presence of malignant tumors is clinically determined and/or confirmed upon biopsy procurement -which in itself may have detrimental effects -minimally invasive methods would be highly advantageous to the diagnosis and prognosis of breast cancer and the subsequent tailoring of targeted treatments for individuals. Exosome proteomes of different origins include a common set of membrane and cytosolic proteins, and specific subsets of proteins, likely correlated to cell-type associated functions. This is particularly interesting in relation to their involvement in human diseases. The knowledge of exosome composition can help not only in understanding the biological roles, but also in supplying new biomarkers to be searched for in patients' fluids. In 2005 for the first time, evidence was provided of circulating exosomes in vivo, in blood (Caby et al., 2005) . Circulating exosomes have been identified as having potential diagnostic relevance in some cancer types including ovarian cancer, glioblastomas and lung cancer (Rabinowits et al., 2009 , Skog et al., 2008 . The prevalence and clinical relevance of exosomes in sera from breast cancer patients has yet to be elucidated.
Engineered exosomes are emerging as new and novel avenues for cancer vaccine development, via antigen-presenting cell technology, to prime the immune system to recognize and kill cancer cells. An ideal cancer vaccine should be able to prime the immune system to recognize specific tumor antigen and then mount an appropriate immune response toward cancer cells without causing 'by stander effect' damage to neighboring cells. Preclinical studies demonstrated that antigens have higher immunostimulatory capacities when carried by exosomes. To date, three Phase I clinical trials have been conducted, involving the application of exosomes to elicit immune responses against established tumors (Zeelenberg et al., 2008) .
Conclusion
The exosome field needs further exploration in terms of exosome cargo packaging, exosome biogenesis and release mechanisms. The secretory small GTPases, Rab27A and Rab27B, control different steps of exosome release including transport of MVEs and docking at the plasma membrane. Exosome messaging could be involved in long range systemic effects but the specificity of these interactions are poorly understood. Exosomes are implicated in physiology such as mammary gland development and lactation but also in pathology such as breast cancer. Most cancer deaths are due to the development of metastases, hence the most important improvements in morbidity and mortality will result from prevention (or elimination) of such disseminated disease. The potential to specifically inhibit exosome secretion without affecting the regular secretory pathway of soluble proteins paves the way for the manipulation of exosome secretion in vivo, to eventually answer the long-standing question of the involvement of exosomes in metastatic niche preparation and to design therapeutic intervention strategies.
